Reactions
Reactions

Cytochromes P450 (P450)
1 participate in a wide variety of oxidative reactions in biology; therefore, elucidation of reactive intermediates responsible for oxygen transfer by P450 enzymes has been of high interest (1) . The proposed catalytic cycle of P450 consists of multiple intermediates, including several with activated forms of oxygen, each capable in theory, of initiating substrate oxidation. The oxenoid intermediate, Fe IV =O, coupled with a porphyrin π-cation radical, is referred to as Compound I (Cpd I) and has been widely postulated as the principal oxygenating species in the catalytic cycle (1) (2) (3) (4) (5) (6) . Cpd I, which is two oxidation equivalents above the native ferric state of the heme, has been well characterized in catalytic cycles of peroxidases, a related class of enzymes containing a heme prosthetic group (7). Peroxidases readily react with H 2 O 2 or peracids to form Cpd I.
Important to the understanding of P450 mechanisms of oxygenation was the finding that either peracids or H 2 O 2 can be used to provide both oxygen and reducing equivalents to P450 for oxygenation of substrates (1, 8) . This "shunt" pathway avoids the use of O 2 , NAD(P)H, and a reductase system (the reductase systems consist of a flavoprotein and a nonheme iron protein such as putidaredoxin, or else a single protein that contains both FAD and FMN (9) ). The shunt pathway most likely involves Cpd I of P450, thought to be the oxygenating species for hydrocarbon hydroxylation (10). Because Cpd I is thought to be so reactive, it has been postulated that it cannot be isolated and characterized (11) .
Cpd I has been known for more than 50 years for peroxidases, and it is readily formed by the reactions of peroxides or peracids with the ferric forms of peroxidases (7) . Cpd I can usually be easily recognized because the diminished aromaticity of the π-cation radical of the porphyrin yields a Soret band with a significantly smaller extinction coefficient than that of Soret bands of other heme species. It has been established that the predominant form of Cpd I in horseradish peroxydase (HRP), and in many other peroxidases, is a ferryl iron (Fe IV =O) paired with a porphyrin π-cation radical (1, (12) (13) (14) . However, in cytochrome c peroxidase (CcP), the analogous species, historically referred to as Cpd ES, has a Fe IV =O coupled with a tryptophan radical cation (15) (16) (17) (18) (19) . The Soret band of Cpd ES does not have diminished intensity like that of Cpd I, because the porphyrin macrocycle maintains its aromaticity. Other heme proteins and enzymes have also been shown to have tyrosyl or tryptophanyl radicals in a Cpd ES-like form of the 2-electron oxidized state. These include myoglobin (20) , bovine catalase (21), the Phe172Tyr mutant form of HRP (22) , turnip peroxidase (23), prostaglandin-H synthase (24) (25) (26) , and catalase-peroxidases (27) (28) (29) . It was elegantly demonstrated for catalase-peroxidase from Synechocystis PCC6803 that three different radical states are in equilibrium (27) . They were identified as a porphyrin radical exchange-coupled to the ferryl moiety (classical Cpd I), and two protein-based radical forms (tryptophanyl and tyrosyl radicals) paired with the Fe IV =O. Although H 2 O 2 readily forms Cpd I with peroxidases, it is not always useful for forming Cpd I with other heme proteins. For example, peracids are often more effective reagents than H 2 O 2 with cytochromes P450 in "shunt" pathways. Because the acid is an excellent leaving group, heterolytic cleavage of the O-O bond of the peracid to form Cpd I with various hemes and hemoproteins is often considerably more facile (30, 31) One problem with using peracids with P450 enzymes is that, after formation of Cpd I-like species, extensive heme destruction reactions mask subsequent events and even compromise the resolution of spectra of Cpd I. These bleaching processes are due to the reaction of the peracids with P450 in higher oxidation states, and occur when the peracids are significantly in excess over P450. Similar but less severe effects have been shown for HRP (33) . Like Cpd I of peroxidases, the Soret band of P450 Cpd I has considerably lower extinction and is shifted to shorter wavelengths than that of the starting ferric form, and there is a weak band at about 690 nm (2) .
Earlier rapid-scan stopped-flow absorption spectroscopic studies at pH 7.4 (2) of the reaction of substrate-free ferric P450cam with m-chloroperoxybenzoic acid (mCPBA) demonstrated the formation of a species with a spectrum that closely resembles that of Caldariomyces fumago chloroperoxidase (CPO) Cpd I (34 4 , S = 1) and a protein radical (S' =1/2). The protein radical had properties more like the tyrosyl radical of cytochrome c oxidase (38) , or the tyrosyl radical of ribonucleotide reductase (39) than the tryptophanyl radical in Cpd ES of CcP. It was concluded that the EPR signal of P450cam was due to a tyrosyl radical (35) (36) (37) .
Tyrosine 96 is in the substrate binding cavity of P450cam and is located ~ 9.4 Å from the heme iron and only ~ 7.4 Å from the nearest porphyrin meso-carbon atom. Recently, using site-directed mutagenesis in combination with the cryogenic quenching techniques described above (36) , it was suggested that tyrosine 96 provides the radical observed, and is likely to have been formed by migration of an electron from Tyr-96 to the initially formed porphyrin π-cation radical of a more classical Cpd I. Similar intramolecular electron migration has also been discussed for the HRP variant Phe172Tyr, bovine liver catalase, and CcP (21, 22, 40) . In experiments with Phe172Tyr variants of HRP (22) (Phe 172 is near the pyrrole ring on the proximal side), it was demonstrated that the initially formed porphyrin π-cation radical of Cpd I slowly converts into a protein cation radical form with the unpaired electron presumably located on tyrosine residues.
This work presents single and double-mixing stopped-flow spectrophotometric studies of reactive intermediates in the reaction of substratefree P450cam with PAA and mCPBA as oxidizing agents at various pH values and temperatures. The aim was to better resolve the apparent discrepancies between the observations by UV-vis spectroscopy of a Cpd I-like species in reactions of P450cam with mCPBA (2, 32) , and those by EPR and Mössbauer spectroscopy of a Cpd ES-like form of P450cam in reactions with PAA. In the work presented here it is shown that both intermediates can be seen, with the classical Cpd I forming first; in addition, pH, temperature, and choice of peracid are shown to affect the relative quantities of each intermediate that accumulate in these reactions. Double-mixing experiments with different peroxidase substrates showed that both Cpd I and the Cpd ES-like form can be reduced to the ferric state by a typical peroxidase mechanism, and that such reagents can eliminate most of the heme destruction.
MATERIALS AND METHODS
P450cam was prepared as previously described (41) to an absorbance ratio A 391nm /A 280nm of >1.45 and stored in 0.15 M potassium phosphate buffer, pH 7.0 containing 1 mM Dcamphor. The high spin ferric form of P450cam was freed of D-camphor by Sephadex G-25 gel filtration in the presence of 0.05 M MOPS (3-morpholine-propanesulfonic acid), pH 7.0, and then equilibrated with 0.05 M potassium phosphate buffer, pH 7.0, by passing it through a second G-25 column. All reagents were obtained from commercial sources. Spectrophotometric measurements were performed using a Shimadzu UV-2501PC instrument. The peracids were standardized spectrophotometrically using the triiodide assay (ε 353 nm = 25.5 mM -1 cm -1 ) (42). All kinetic experiments were performed at 4 or 25 o C, and at pH 6.2, 7.4, and 8.0 in 50 mM phosphate buffer containing 100 mM KCl. All stopped-flow kinetic and diode array studies were carried out using freshly prepared enzyme and peroxidase substrates.
Kinetic data were acquired using a Hi-Tech Scientific, Ltd Model SF-61 stopped-flow spectrophotometer equipped with a xenon lamp. Dead times were determined to be 1.5 ms. Diode array assays used a Hi-Tech SF-61 DX-2 stoppedflow spectrophotometer with a 1.5 ms integration time. Concentrations given in figure legends are those after mixing the reactants. Data collection and analysis were performed using program A based on the Marquardt-Levenberg algorithm (43) and developed in our laboratory by R. Chang, C-J. Chiu, J. Dinverno, and Dr. D.P. Ballou, and by Singular Value Decomposition (SVD) and global analysis routines in the Specfit program (Spectrum Software Associates). Because peracid was always greatly in excess of P450 in these experiments, fitting to models described below treated the first step as pseudo-first order reactions.
RESULTS
Reactions with mCPBA at pH 7.4 and at both 25 and 3.4 ºC -The reaction of ferric P450cam with peracids using conditions (300 µM mCPBA, pH = 7.4, 25 ºC) similar to those described in (2) confirmed the rapid formation of a Cpd I-like species. However, more detailed analysis showed that Cpd I was already partially converted to another intermediate form with an absorbance peak at ~ 406 nm. This latter species is possibly the Cpd ES-like Fe IV =O-tyrosyl radical that has been described by Schünemann et al. (35) (36) (37) , as it is the main species seen (data in supplementary material) following reaction of ferric P450cam with PAA at pH 7, the conditions used by Schünemann, et al. Figure 1A shows spectra of both native P450cam recorded during the reaction with excess mCPBA, and the ferric low spin form before mixing. The first rapid phases (to ~ 0.04 s) are followed by heme bleaching, which makes detailed analysis over the entire reaction course impractical. In the first phase the Soret peak at 417 nm decreases and a significantly less intense peak emerges at ~ 367 nm (spectrum at 0.007 s). This has converted by 0.038 s to a species with a peak at ~ 406 nm; however, because of the rapid bleaching that ensues under these conditions, even this species cannot be well characterized. Use of SVD and global analysis for the model A -> B -> C -> D -> E with k 1 = 170 s -1 , k 2 = 51 s -1 , k 3 = 27 s -1 , and k 4 = 4 s -1 yielded the spectra shown in Figure 1B . Species E and k 4 were used to represent the bleaching process and aid in the fitting procedures, but the spectrum of E is not plotted because it is not well defined. The spectrum of B closely resembles that of CPO Cpd I (34) (a broad Soret peak at 367 nm and a weak band at ~ 695 nm) and is similar to that shown earlier (2, 44) ; it is consistent with a species containing an exchange-coupled S = 1 Fe IV =O and a spin S = 1/2 porphyrin (34). Figure 1C shows absorbance vs. time traces at 406, 417, and 367 nm that demonstrate the kinetics of the reaction. The model allows the prediction of the formation and decay of species for the reaction as shown in Figure 1D . The observed rate of formation of the putative Cpd I approaches a maximal value at higher concentrations of mCPBA, and this implies that a species (presumably a binding complex) forms en route from the ferric state to Cpd I. The formation of Cpd I can be seen as a rapid increase in absorbance at 367 nm and a rapid decrease at 406 nm ( Figure 1C ).
The second phase includes conversion of Cpd I into another intermediate that is characterized by the loss of the absorbance at 367 nm and the formation of a peak at ~ 406 nm (maximizing at ~ 40 ms). This presumably involves intramolecular electron transfer to reduce the porphyrin radical while concomitantly forming a tyrosyl radical. Subsequent spectral changes are complicated due to the extensive heme bleaching that occurs, particularly at higher peracid concentrations.
At 3.4 ºC a smaller fraction of classical Cpd I is formed. However, a new species that precedes Cpd I can be partially resolved, and this is likely to be the acylperoxo-complex. SVD and global analysis of diode array data were fit to the model (A -> B -> C -> D -> E with k 1 = 170 s -1 , k 2 = 38 s -1 , k 3 = 9.1 s -1 , and k 4 = 3.5 s -1 ) to yield the spectra shown in Fig. 2 . B is representative of the acylperoxo complex, C is Cpd I, and D, which absorbs maximally at ~ 406 nm, is the likely Cpd ES-like Fe IV =O-tyrosyl radical species that was also shown in Figure 1 (Reaction at 25 ºC). E is not a real species, but represents part of the bleaching pathway and was used to improve the fitting process. The build-up of an acylperoxo-ferric complex en route to the formation of Cpd I is also consistent with the recent report that the rate of forming Cpd I reaches a limiting value at high concentrations of mCPBA (45) . Qualitatively, the data at the two temperatures are the same, but because of differential temperature effects on the various rate constants, the putative acylperoxoferric complex and the 406 nm species were better resolved at 3.4 ºC, while Cpd I was better resolved at 25 ºC. Note that spectra derived from the analyses carried out above are not completely quantitative. This is largely because the events involving the bleaching reactions are not well characterized, and therefore the simple model used is insufficient to fully account for the observations. Although the spectra are not accurate representations of the species, they do show salient features that permit us to assign tentative chemical structures. The studies described below were carried out at higher and lower pH values and with both mCPBA and PAA to try and optimize the formation of the intermediates that were only partially resolved at pH 7.4.
Reaction with peracids at pH 6.2, 3.4, and 25 o C -We thought that using lower pH would facilitate heterolytic cleavage of the peracid O-O bond as a result of the "push-pull" effect (46, 47) , as well as by facilitating protonation of the leaving acid, and therefore would lead to a greater yield of Cpd I. Surprisingly, at low pH virtually no Cpd I was detected using either mCPBA or PAA; however, a large fraction of the P450cam was found as a species with a blue-shifted Soret maximum at ~ 406 nm (Figures 3-5 ). In addition, SVD and global analysis of the diode array data recorded at 3.4 ºC and pH 6.2, using kinetic constants derived from single wavelength traces, resolved a spectrum of an intermediate that preceded the 406 nm species (Fig. 3 B, species B) . This first intermediate is likely to be an acylperoxo complex with the heme, like that described for the data at pH 7.4 (above). Consistent with this assignment, the kinetics for the formation of the 406 nm species shows saturation behavior with respect to peracid concentrations (Table I) at both temperatures. The conversion of the first intermediate to the ~ 406 nm species occurs with very little transient accumulation of Cpd I. Thus, although Cpd I may readily form at low pH (for the reasons stated above), these results suggest that it must convert rapidly at low pH to the 406 nm species, so that very little Cpd I is observed. The fraction of enzyme that accumulates as the 406 nm species is temperature dependent as shown in Figures 3 and 4 ; at higher temperatures more of the tyrosyl radical-like species can be observed than at lower temperatures before bleaching of the heme occurs, suggesting that the formation of the tyrosyl radical has a higher temperature coefficient than the bleaching reactions. The 406 nm species does not have a diminished Soret band like that of Cpd I; it is spectrally similar to the Soret band for CcP Cpd ES (15), constituting strong support for it being a combination of an Fe IV =O (i.e., Cpd II) coupled with a tyrosyl radical, as reported from EPR studies of the reaction of P450cam with PAA (35) . As at pH 7.4, this species probably results from intramolecular electron transfer from a nearby tyrosyl residue to the porphyrin π-cation radical of the initially formed Cpd I. Tyr96 has been suggested to be the relevant residue (35) (36) (37) .
After forming the 406 nm species, further reactions of the peracids apparently develop radical products in complex reactions that lead to the bleaching of the porphyrin chromophore, as seen at pH 7.4. Although we were not able to quantify these reactions, as described above, we At 3.4 ºC, pH 6.2, it is possible to resolve the acylperoxo complex, but only traces of Cpd I can be discerned because Cpd I converts into the Cpd ES-like species almost as fast as it is formed (Fig.  3A, B) . At 25 ºC, because of the different activation energies for the two steps, slightly more classical Cpd I is apparent before its conversion into the 406 nm species. Similar behavior is observed for PAA; one can see the acylperoxo complex and fast formation of tyrosyl radical without accumulation of Cpd I ( Figure 5A, B) . In comparison, at pH 7.4 and 25 ºC with mCPBA, very little acylperoxo-complex can be seen, but substantial quantities of the classical Cpd I can be detected en route to the Cpd ES-like tyrosyl radical form (Fig. 1B) .
We also carried out reactions with the peracids under the same conditions (pH = 7.0) that were employed by Schünemann et al. (35) (36) (37) . As expected, at pH 7 with PAA, more of the 406 nm species is observed in comparison with that seen at pH 7.4 (data in supplementary material). With PAA, because the formation of the acylperoxo complex is unfavorable, Cpd I develops comparatively slowly. Any that forms very quickly converts to the 406 nm species (similar to C in Figs. 3B & 4B), and very little Cpd I accumulates. Moreover, because PAA binds poorly to P450cam, one can predict that a significant fraction of the P450 would be in the ferric state as the 406 nm species is formed; indeed, this was in fact observed at pH 7.0 by Schünemann et al. (35) (36) (37) .
Reaction with peracids at pH 8 -At pH 8 with mCPBA the formation of Cpd I [Fe IV =O]Por + could also be observed (Fig. 6A, B) , but a much smaller amount of the tyrosyl radical species was seen (D in Fig. 6B ) than at lower pH values. It can also be noted that similar to the results at pH 7.4, at higher temperatures there is a greater yield of Cpd I than at lower temperatures (Compare Figs. 6B and 7B). SVD analysis of the data recorded at 25 ºC (Fig. 6B ) reveals a spectrum characteristic of the putative acylperoxo complex (B) in addition to that of the classical Cpd I (C). Also apparent is a species, D, that is not very well resolved, but has some of the qualities of the Cpd ES-like protein radical form. The trace recorded at 367 nm (inset of Fig. 6A ) shows an increase in absorbance in the first 30 ms that is largely due to formation of Cpd I. No real increase at 406 nm is obvious, but there is an inflection near 0.1 s that might be due to some tyrosyl radical species. It is also possible that due to the larger fraction of the anionic form of peracid at higher pH (pK a for mCPBA = 7.5), some homolytic cleavage in the reaction leads to Cpd II and the peracid radical directly. As at pH 6.2 and 7.4, similar spectral changes are observed for the analogous reactions with PAA (Fig. 8 , traces at 417, 367, 406 nm, 300 µM, 25 o C), although again, the process is slower for any given concentration of peracid used. As in the experiments reported above, the interpretation of events becomes complicated as the reactions proceed due to the occurrence of multiple turnovers (which probably also involves the transient appearance of Cpd II) and the bleaching reactions.
Reactivity of intermediates with reductants -
We carried out double-mixing stopped-flow experiments to ascertain the reactivity of typical peroxidase reductants with the porphyrin π-cation radical Cpd I (367 nm) and the protein radical (406 nm) Cpd ES-like forms. In the first mix ferric P450cam was combined with the peracid, and after various short delays, when Cpd I and the Cpd ES-like forms were the dominant species, peroxidase substrates such as ascorbate, p-methoxyphenol, 3,4-dimethoxyphenol, 2,6-dimethoxyphenol, or guaiacol (2-methoxyphenol) were added. With all of the substrates tested, peroxidase activity could be observed at 3.4 and at 25 ºC (Figs. 9 & 10) . Moreover, the presence of reducing substrates largely prevented bleaching of the heme by the peracid (Figs. 9 and 10 ). The substrates, 3,4-dimethoxyphenol, 2,6-dimethoxyphenol, and guaiacol, were especially effective in preventing bleaching of the heme.
In double-mixing experiments with peracetic acid (Fig. 9 shows an experiment at pH 6.2 with a 15 ms delay before mixing with guaiacol, with spectra recorded to 30 s), a broad absorbance develops due to oxidation of guaiacol. This absorbance, which is also seen in similar reactions of PAA with HRP, eventually (~ 13 min) disappears because the guaiacol products are not stable, and the spectrum of the ferric P450cam becomes evident (inset). Note that very little bleaching of the heme has occurred, although ~ 250 turnovers have occurred before the PAA was consumed. With a delay of 63 ms when there is a considerable fraction of the 406 nm species (there is only a small amount of heme destruction by 63 ms), mixing with p-methoxyphenol also leads to product and protects the heme from bleaching. This indicates that the 406 nm species is capable of participating in peroxidase reactions.
The reactivity of the protein radical species is seen more clearly from double mixing experiments with ascorbic acid as the reductant (25 ºC, pH = 7.4, 300 µM mCPBA final). We used a time delay of 31 ms after the first mix (at which time > 40% of the P450cam exists as the 406 nm species), and then introduced ascorbic acid in the second mix (Figure 10) . Some of the 406 nm species could be seen initially, followed by its conversion over the next 3 s to the native enzyme when the mCPBA is consumed. When a shorter delay (~ 12 ms) is used, the initial reaction with ascorbate is faster and the Cpd ES-like species cannot be discerned. Double-mixing experiments such as described above show that reductants can protect against bleaching in reactions with mCPBA, regardless of whether the delay time was ≤ 20 ms (when the porphyrin π-cation radical predominated) or was between 30 and 60 ms (when the species absorbing at 406 nm predominated). However, at time delays longer than 60 ms, there was significant bleaching that could not be reversed. After the initial reaction with the peroxidase substrate in the second mix, continuous catalytic turnovers occur until the peracid is consumed. In these catalytic cycles a transient Cpd II is presumed to form, and then ferric P450. Due to the high reactivity of Cpd I with reducing substrates, we presume that during turnover very little Cpd ES-like species is involved. Nevertheless, both species can react with peroxidase substrates in catalysis. Overall, these results suggest that the reduction by peroxidase substrates of both Cpd I and the Cpd ES-like species prevents the latter from reacting further with peracids to form radical products resulting in heme destruction and bleaching. Thus, Cpd I and/or the Cpd ES-like species are likely intermediates in these reactions, as is the case with peroxidases.
DISCUSSION
One goal in this study was to resolve the contrasting observations of the reaction of peracids with P450cam to form a classical Cpd I as determined by UV-vis spectroscopic kinetic methods (2) vs. the formation of a Cpd ES-like (Fe IV =O +Tyr radical), but no Cpd I, as determined by rapid cryogenic quenching methods using EPR and Mössbauer spectroscopies (35) (36) (37) . In the present work we have partially resolved the spectra of three intermediates in the reaction of mCPBA with P450cam, with the first likely being the acylperoxo complex, and the latter two being Cpd I and the Cpd ES-like species. To optimally resolve these species, various combinations of pH, temperature, and peracids were used. ) can also reduce the protein radical species to Cpd II. In the absence of an external reducing agent, mCPBA can serve (albeit inefficiently) both to generate Cpd I, as well as to be the reductant that provides a single electron to form Cpd II, and eventually, a second electron to yield ferric P450cam in a peroxidase-type cycle. A similar series of steps was reported for reactions of mCPBA with HRP (33, 48) and with CPO (D.P. Ballou, L. Hager, and J.H Dawson, unpublished results). The overall peroxidase-like cycle with peracids in the absence of peroxidase substrates is difficult to fully delineate because of the bleaching of the heme due to its destruction. However, if the peracid is not too greatly in excess, several turnover cycles can occur, and the peracid will be consumed with only minimal heme destruction. In such cases some of the intermediates can be resolved as above.
The first intermediate was better resolved at low temperature, and its rate of formation was dependent on peracid concentration. We believe that this species is the acylperoxo complex (an enzyme substrate complex) between mCPBA and P450cam (k 1 in Scheme I). This species quickly breaks down to Cpd I with a Soret band near 367 nm having a much lower extinction coefficient than the Fe III P450cam Soret at 417 nm ( Fig. 1 and Scheme I). This is consistent with spectra of Cpd I of CPO (34) . Cpd I can be most readily observed at neutral pH and 25 o C, and has been reported earlier (2) . At pH 7.4 and 25 o C it is maximally formed by ~10 ms when the concentration of mCPBA is 300 µM (Fig. 1 and Scheme I). Cpd I converts by ~38 ms to a species with a Soret band at 406 nm that has increased intensity compared to Cpd I (Fig. 1D) . At pH 6.2 more of this 406 nm intermediate accumulates, and its spectrum has similar intensity to that of the ferric enzyme. The 406 nm species is the principal intermediate observed at pH 6.2 (Figs. 3-5 ), while at pH 7.4 considerably less of the 406 nm species can be seen before bleaching (via complexes a and b, Scheme 1) dominates the observations. We reason that k 2 is more temperature dependent than is k 1 , so that at lower temperatures more of the acylperoxo complex builds up. At 25 ºC, pH 7.4, k 2 is slightly larger than k 3 , so that Cpd I can be observed more clearly (compare the results at 3.4 vs. 25 o C in Fig. 1B, 2) . At pH 6.2 the step described by k 3 (Scheme I) must be quite rapid compared with k 2 , and very little Cpd I accumulates (Figs. 3, 4) . At pH 8.0 considerable Cpd I (Fig. 6 ) but much less of the 406 nm species can be resolved before heme bleaching occurs.
Scheme I shows how the acylperoxo complex can break down heterolytically to form Cpd I (via k 2 ) and then Cpd II by reduction, or homolytically to form Cpd II and an acid radical directly. At low pH heterolysis is promoted because the peracid binds in the neutral protonated form. Protonation stabilizes the acidic leaving group derived from heterolysis. At high pH, because some fraction of peracid is bound in the anionic form, in addition to heterolysis, some homolysis occurs to form Cpd II and an acid radical. Although low pH would seem to favor the formation of Cpd I, apparently, it also favors rapid electron transfer from a nearby protein residue (likely to be a tyrosyl residue) to form the Cpd ES-like 406 nm species (Scheme I, k 3 ), and this prevents accumulation of the Cpd I porphyrin π-cation radical. Overall, it seems that optimal accumulation of Cpd I occurs at a pH value near the pK a of the peracid (pK a of mCPBA is 7.5 and of PAA is 8.18 at 25 o C, 0.1 M ionic strength (49)). At pH 7.0 with PAA very little Cpd I can be observed (data not shown), but there is some Cpd I formation with PAA at higher pH because k 3 is pH dependent.
When PAA is used as the oxidant, much less Cpd I is observed, even at pH 7.4 (data not shown). However, the Cpd ES-like 406 nm species can be seen, especially at pH 6.2 ( Figure 3, 4) . PAA does not form Cpd I very rapidly (k 2 in Scheme 1), perhaps because acetic acid is neither as good a leaving group nor as good a ligand to P450cam as is mCPBA; therefore, very little Cpd I accumulates when PAA is the oxidant. These results suggest why the experiments using PAA and monitoring by freeze-quench EPR and Mössbauer spectroscopies showed evidence of Cpd ES-like Fe radical species so elegantly characterized in these studies is most likely the same as the 406 nm species seen in our optical studies. Their studies included no detailed kinetic characterization to track the formation and decay of the putative Cpd I species, so it is difficult to directly compare the two sets of experiments. Cpd I of P450cam reported by Egawa et al. (2) was produced with mCPBA at pH 7.4, 25 ºC, where its formation is better optimized than the conditions employed by Schünemann et al. (35) (36) (37) . Another possibility why the magnetic resonance studies did not detect any classical Cpd I could be that electron transfer from the tyrosyl residue to the nearby porphyrin π-cation radical occurred in the (supposedly quenched) frozen state to lead to the 406 nm species; this would also prevent one from seeing Cpd I by the cryogenic quenching methods. Careful controls of these experiments are required to resolve this uncertainty. If electron transfer in the frozen state after rapid-freeze quenching does not occur, the results in this paper will be useful for finally characterizing Cpd I by EPR/ENDOR and Mössbauer spectroscopies. These studies are in progress.
In double-mixing experiments with ascorbate (as well as with several other peroxidase substrates) it was shown that either Cpd I or the 406 nm species, were rapidly reduced back to the ferric form as in a typical peroxidase cycle (Scheme I). Importantly, inclusion of the reductant in the reaction mixture largely prevented heme bleaching, and the overall reactions led to the consumption of the peracid. This suggests that neither Cpd I nor the Cpd ES-like species is an irreversibly modified form of P450. It is modifications occurring in subsequent reactions of peracids with these intermediates (Scheme I) that lead to heme destruction. Thus, typical peroxidase substrates protect the heme from bleaching because they react with highly oxidizing species of P450cam more efficiently than do peracids (via complexes a and b in Scheme I).
Although we were able to follow the reduction of the 406 nm species to the native ferric enzyme in double-mixing experiments using ascorbate (Fig. 10) , we were not able to resolve any spectra for Cpd II in the peroxidase pathway. The inability to resolve Cpd II could be due to kinetics where Cpd II was reduced more rapidly to ferric P450 than Cpd I was reduced to Cpd II, although this is unexpected because reactions of peroxidase substrates with Cpd I are usually faster than with Cpd II (7). Alternatively, if Cpd II were spectrally very similar to Fe III P450cam or to the 406 nm species, it could not be easily distinguished. Another similar example of not seeing Cpd II was with KatG (Mycobacterium tuberculosis), where Choucane et al (50) found that Cpd I could be reduced to the ferric enzyme by isoniazid, ascorbate, or potassium ferrocyanide, but no Cpd II could be detected.
In the absence of reductants, when peracids bind to form species such as complexes a and b (Scheme 1), the peracid can donate an electron to form Cpd II (but much less efficiently than normal peroxidase substrates). However, some fraction of the time these reactions lead to heme bleaching. Thus, at a high concentration of peracid relative to P450, many peroxidase-like turnovers must occur before the peracid is consumed, and this leads to substantial heme bleaching. An analogous earlier study of the reaction of HRP with excess mCPBA documented very similar heme modification reactions (33) . With HRP the heme bleaching was not as pronounced, but nevertheless was significant at high concentrations of mCPBA. When peracid is not in large excess over P450, very little heme bleaching occurs (2, 45) . Using this concept, Kellner et al. (4) avoided significant heme bleaching of P450 CYP119 by mCPBA by making the peracid-to-P450 ratio less than one, but because of kinetic reasons, such conditions did not permit accumulation of very much Cpd I. By careful analysis, however, it was possible to deconvolute the transient spectra to reveal small quantities (~ 3%) of the spectrum of Cpd I in their mixtures. Schünemann et al. (35) (36) (37) used very high concentrations of P450cam for paramagnetic resonance studies of the reaction of peracids with P450cam, and kept the peracid concentration less than 5-fold that of the P450. This procedure also avoided significant bleaching of the heme.
Several systems in addition to P450cam have been shown to form protein radical species as a result of ferryl porphyrin π-cation radical intermediates being reduced by nearby easily oxidizable amino acid residues. In some cases there is no observed porphyrin π-cation radical, or it is only seen transiently. The classic case is the reaction of H 2 O 2 with CcP to form Cpd ES where a Fe IV =O heme is formed with the second oxidizing equivalent being in the form of a stable tryptophanyl radical; no Cpd I is seen (18, (51) (52) (53) . However, in the W191F mutant form of CcP, a transient porphyrin π-cation radical is seen, but it has a half-life of only 14 ms (decays at 51 s -1 ) (54-56). EPR and ENDOR studies of this variant demonstrated the reduction of the porphyrin π-cation radical as a tyrosine radical was formed (57) . It is curious that this protein radical is formed at almost the same rate that Cpd I of P450cam converts to the protein radical (~ 406 nm).
Schünemann et al. (37) have tested whether Tyr96, which is in the substrate binding cavity of P450cam, is the source of the electron that reduces the porphyrin π-cation radical. They carried out studies using a Tyr96Phe variant and found that it also generated a tyrosyl radical; this suggested that Tyr75, which is also near the heme, can donate the electron when Tyr96 is replaced.
It can be noted that in normal catalysis neither Cpd I nor the Cpd ES-like species is observed. In the consensus rebound mechanism proposed by Groves (10), P450 Cpd I abstracts a hydrogen atom from the hydrocarbon substrate to form a substrate radical, which very quickly recombines with the nascent •OH ligated to the heme, resulting in hydroxylation and reformation of the Fe III low spin heme. In the absence of a suitable substrate for hydroxylation, formation of a Cpd II + Tyr radical Cpd ES-like species is possible. The amount of this species will depend on k 2 (Scheme 1) compared to rates of other reactions. We find that the Cpd ES-like species accumulates at low pH, perhaps because it is protonated. A protonated Cpd ES has been suggested for CcP (formally in the form of Cpd II + Trp radical) on the basis of high-resolution crystallographic data showing the Fe=O distance to be ~1.90 Å, which is consistent with the hydroxo form (58) . Recently, X-ray absorption spectroscopy was used to determine the putative Fe IV =O bond length to be 1.82 Å in Cpd II of CPO (59) . This is consistent with it also being in the protonated form (60, 61) . Although CPO and P450cam are both heme proteins with proximal thiolate ligands, the fact that CPO Cpd II has a 438 nm Soret, while the Cpd ES-like Soret of P450cam occurs at 406 nm, implies that there must be significant differences in the structure or hydrogen bonding patterns of these species.
We may conclude that in the reaction of Fe III P450cam with peracids under acidic conditions, the proton network around the active center promotes formation mostly of a ferrylprotein radical species (35) (36) (37) . Our results show that this Cpd ES-like radical form can participate in peroxidase reactions, as can Cpd I. However, it is unlikely that this radical form can carry out hydroxylation reactions on hydrocarbons. Therefore, it will be interesting to react camphor and other substrates with both Cpd I and the protein radical form to determine whether either or both can form hydroxycamphor. These experiments are currently in progress. Tables   Table I: This figure shows that very little Cpd I accumulates under these conditions, which are like those used by Schunemann et al (35) (36) (37) . Moreover, at 8-10 ms (where they quenched the reaction in ref 35) about 15% of the tyrosyl radical is predicted, which is what they saw. In ref 37 they quenched at 40 ms where our model predicts 50-60% of the tyrosyl radical would have formed, and they observed ~40% from their EPR data. This is quite strong evidence that the 406 nm species is the same as the tyrosyl radical species. It should be noted that because of the bleaching and other reactions with the PAA, the simple model above is insufficient to describe the reaction accurately. Thus, the species shown are better described as mixtures of species rather than an accurate picture of a single species. Species D is there to represent the bleaching process. Note that it has no normal heme features in the visible region of the spectrum.
